Strong experimental evidence confirms that HDL directly alleviates atherosclerosis. HDL particles display diverse atheroprotective functions in reverse cholesterol transport (RCT), antioxidant, anti-inflammatory, and antiapoptotic processes. In certain inflammatory disease states, however, HDL particles may become dysfunctional and proatherogenic. Flavonoids show the potential to improve HDL function through their welldocumented effects on cellular antioxidant status and inflammation. The aim of this review is to summarize the basic science and clinical research examining the effects of dietary flavonoids on RCT and HDL function. Based on preclinical studies that used cell culture and rodent models, it appears that many flavonoids (e.g., anthocyanidins, flavonols, and flavone subclasses) influence RCT and HDL function beyond simple HDL cholesterol concentration by regulating cellular cholesterol efflux from macrophages and hepatic paraoxonase 1 expression and activity. In clinical studies, dietary anthocyanin intake is associated with beneficial changes in serum biomarkers related to HDL function in a variety of human populations (e.g., in those who are hyperlipidemic, hypertensive, or diabetic), including increased HDL cholesterol concentration, as well as HDL antioxidant and cholesterol efflux capacities. However, clinical research on HDL functionality is lacking for some flavonoid subclasses (e.g., flavanols, flavones, flavanones, and isoflavones). Although there has been a tremendous effort to develop HDL-targeted drug therapies, more research is warranted on how the intake of foods or specific nutrients affects HDL function. Adv Nutr 2017;8:226-39.
Introduction
Even with the widespread use of statin-class drugs, coronary heart disease (CHD) 3 continues to be the largest cause of death in the United States, contributing to >600,000 deaths/y (1). Atherosclerosis is a key contributor to CHD, and is caused by an accumulation of lipid in the arterial wall. Furthermore, disturbances in lipid metabolism and inflammation are thought to be fundamental to these disease processes (2) . Despite aggressive lowering of LDL cholesterol, there still exists a residual risk of cardiovascular events in patients with established CHD (3) . Strong experimental evidence confirms that atherosclerosis is directly alleviated by HDL. This is shown by infusions of HDLs into humans and animal models, which acutely increase the number of HDL particles and reduce the atherosclerotic plaque burden (4) (5) (6) (7) (8) (9) . Data from the Framingham Heart Study, initiated in 1948, first demonstrated an inverse relation between HDL cholesterol and the development of cardiovascular disease (CVD) (10, 11) . Since that time, a majority of epidemiologic studies have supported this relation (12) . Based on evidence from large prospective cohort studies, it can be estimated that for every 1 mg/dL (0.0259 mmol/L) increase in HDL cholesterol, there is a 2-3% reduction in CVD risk (12) . Therapies aimed at increasing HDL cholesterol in those with low concentrations are under intense investigation in the hope of preventing future cardiovascular events (13) (14) (15) . However, more recently, this association has been challenged by studies that suggest that plasma HDL cholesterol is not always an accurate predictor of CVD risk (16) (17) (18) (19) (20) (21) . One aspect concerning HDL that remains consistent is its important role in reverse cholesterol transport (RCT) (22) . This pathway, as classically defined, is the movement of cholesterol from peripheral cells to circulating lipoproteins and its subsequent disposal to the liver for catabolism and excretion (23) .
The atheroprotective effect of HDL is mainly attributed to its role in RCT; removing excess cholesterol from macrophages in the arterial wall, preventing foam cell formation, and the initial stages of atherosclerotic plaque development (23) . HDL-mediated RCT can be loosely grouped into 3 main processes: building HDL particles through cellular cholesterol mobilization, remodeling of HDL particles by plasma proteins, and delivery of HDL-derived cholesterol to the liver. RCT is thought to be the major mechanism for cholesterol excretion in mammals, with a key mediator of this process being apoA-I, the major protein constituent of HDL. The first step of RCT, which involves cellular cholesterol mobilization, relies on apoA-I and HDL particle interactions to promote free cholesterol efflux by a variety of passive and active mechanisms (24) . Although it is well known that HDLs remove cholesterol from cells, mechanistic details are still being resolved. However, important contributors to cellular cholesterol efflux appear to include ATP-binding cassette transporter A1 (ABCA1) and ATP-binding cassette transporter G1 (ABCG1) (25) . In cholesterol-loaded macrophages, ABCA1 and ABCG1 are responsible for roughly 50% and 20% of total cholesterol efflux from cells, respectively (25) . Accordingly, deficiency of these ATP-binding cassette transporters in macrophages has been shown to reduce RCT in mice (26) . HDL formation, or biogenesis, involves the efflux of phospholipids and free cholesterol by ABCA1 to lipid-free apoA-I in the extracellular space, generating nascent HDL particles (27) . After ABCA1 facilitates HDL biogenesis, these nascent HDLs become efficient substrates for further lipidation by other cellular pathways (e.g., ABCG1) and esterification of free cholesterol to cholesteryl esters (CEs) by lecithin-cholesterol acyltransferase (LCAT) (28, 29) . Esterification via LCAT converts the amphipathic cholesterol molecule at the surface of the particle to a nonpolar compound that partitions into the particle's core (28) . The second step of RCT involves HDL remodeling by TG lipases (e.g., hepatic lipase) and various plasma lipid transfer proteins, such as cholesteryl ester transfer protein (CETP) (30) . CETP is a circulating glycoprotein that promotes VLDL transition to an LDL particle by facilitating bidirectional transfer of CEs, TGs, and, to a lesser extent, phospholipids, from HDL particles to apoB-containing particles (30) . The final step of RCT involves delivery of HDL-derived cholesterol to the liver by selective HDL CE uptake by scavenger receptor class B type I (SR-BI) and/or holoparticle internalization by other receptors (31, 32) . SR-BI in hepatocytes mediates the selective uptake of CEs from the core of HDLs, without HDL protein catabolism. This selective uptake of CEs likely occurs at the plasma membrane and/or through endocytosis, permitting HDL particle recycling (33) . Cholesterol delivery can also occur indirectly after CE transfer from HDL particles to apoB-containing lipoproteins, which allows for uptake via the hepatic LDL receptor (34, 35) . This indirect pathway is particularly important for RCT in humans (34) , but less so in rodents, which lack CETP activity (36) . The importance of the RCT pathway has been validated through extensive studies in humans and by a vast number of animal models of atherosclerosis (37) . Serum HDL cholesterol is the primary clinical measurement used as a surrogate metric of RCT. Although HDL cholesterol is a consistent indicator of CHD risk in epidemiologic studies, the use of HDL cholesterol as a therapeutic target has recently been questioned because trials of several HDL cholesterol-raising drugs showed a lack of efficacy in decreasing the risk of CHD (17, 38) . Therefore, functional measures beyond HDL cholesterol (e.g., antioxidant and efflux capacity) may be more appropriate in the atheroprotective assessment of HDLs.
In addition to their role in RCT, HDL particles have shown diverse biological activities with antioxidant (39), anti-inflammatory (40) , antiapoptotic (41) , antithrombotic (42) , and vasorelaxant properties (43) . Much of the biological activity of HDL is due to its protein content, with it carrying >50 distinct proteins with known functions in inflammation, oxidation, protease inhibition, complement regulation, and innate immunity (44) . Paraoxonase 1 (PON1), an HDL-associated lipolactonase, contributes to HDL antioxidant and anti-inflammatory functions by preventing both LDL and HDL particles from oxidation (45) . PON1-deficient mice are more sensitive to lipoprotein oxidation and the development of atherosclerosis (39, 46) . In certain inflammatory disease states, antiatherogenic HDL particles may become proatherogenic, and this may potentially explain some residual CVD risk in individuals with elevated HDL cholesterol (47) . HDL particles may be viewed as shuttles that can be either anti-inflammatory or proinflammatory, depending on their cargo of proteins, enzymes, and lipids. As mentioned, atherosclerosis is an inflammatory disease, and low serum HDL cholesterol, along with impairments in cholesterol efflux (19) , antioxidant (48) , and anti-inflammatory properties (49) , have been shown in patients with heart disease. Furthermore, the antioxidant and anti-inflammatory properties of HDLs are also impaired in obesity and other metabolic diseases (50) (51) (52) . These inflammatory conditions can remodel HDLs to a proinflammatory particle with impaired antioxidant activity and compositional changes consisting of elevated serum amyloid A (SAA), an acute-phase protein, and reduced PON1 (53, 54) . The identification of dysfunctional HDL particles provides a greater appreciation for HDL metabolism and a potential therapeutic target beyond simple HDL cholesterol content. For example, scavenger receptor class B type I knockout (Scarb1 2/2 ) mice have markedly elevated HDL cholesterol (a >50% increase), but have reduced HDL PON1 activity and increased atherosclerosis (20, 55) . Numerous HDL functional assays have been developed to examine the ability of HDL particles to mobilize cholesterol and stimulate NO production from cells, as well as inhibit oxidation, coagulation, and monocyte adhesion processes (56) . HDL functional assays that were shown to be independent predictors of CHD status and coronary events include cholesterol efflux assays (19) and PON1 activity (57) , respectively. The cholesterol efflux capacity of HDL was shown to be a significant predictor of CHD status even after plasma
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HDL cholesterol and apoA-I were adjusted for (19) . Importantly, differences in cholesterol efflux capacity have been reported in humans with similar HDL cholesterol concentrations (58) , supporting the need to examine metrics of HDL function beyond HDL cholesterol. Other quantitative measures of HDL, such as HDL particle number, may explain some of this variation (59) . Furthermore, in light of the failures of HDL cholesterol-raising drugs (e.g., high-dose niacin and CETP inhibitors) to reduce CHD (17, 38) , lifestyle changes or drug treatments that affect HDL functionality may prove to be more effective approaches. Thiazolidinedione administration in metabolic syndrome patients with low HDL cholesterol has been reported to improve the cholesterol efflux capacity of HDL (19) . It is now clear that HDL cholesterol concentrations do not fully capture the functional variation in HDLs, especially under inflammatory conditions. Because many of the HDL-targeted drugs cause various side effects or do not reduce CVD risk, alternatives are needed. Therefore, it is important to consider how dietary components, such as flavonoid-rich foods, influence HDL functionality. Dietary flavonoids could potentially be used as adjunct therapies alongside drug treatments to enhance outcomes. The aim of this review is to summarize the basic science and clinical research examining dietary flavonoid intake on RCT, HDL metabolism, and HDL function.
Flavonoids as Atheroprotective Components of the Diet
Only a few dietary factors are known to strongly increase HDL cholesterol, including alcohol (60), saturated fats (61) , and, to a lesser extent, dietary cholesterol (62) . Consumption of these components in copious amounts is typically not recommended for CHD prevention. However, it is also important to consider the effects of foods and nutrients on HDL function, even if they are not shown to alter HDL cholesterol content, especially if the consumption of such foods and nutrients may confer antioxidant or anti-inflammatory benefits. Plants supply a substantial amount of polyphenols to the human diet, which are thought to contribute to the inverse relation between fruit and vegetable intake and chronic disease (63) . Flavonoids, the most common type of polyphenol, consist of >5000 subclass members and are abundant in plant-based food and beverages, such as fruits, tea, berries, wine, and cocoa (64) . Flavonoids share a common 3-ring nucleus structure, but are further subdivided based on variations in ring structure. Flavonoids are primarily found in the human diet as 7 major subclasses: anthocyanidins (e.g., cyanidin), flavanols (e.g., epicatechin), flavanones (e.g., naringenin), flavones (e.g., luteolin), flavonols (e.g., quercetin), isoflavones (e.g., genistein), and proanthocyanidins (oligomeric and polymeric flavonoids). Total dietary intake of flavonoids has been estimated to be in the range of 20-1000 mg/d (65-67), depending on the population studied and analytic methods used. Flavonoids may positively influence health through their well-documented effects on cellular antioxidant status and inflammation (68) . Flavonoids may augment endogenous antioxidant defenses through nuclear factor, erythroid 2-like 2 (Nrf2) activation of antioxidant response elements of genes encoding antioxidant enzymes in vitro (69, 70) . Anthocyanin intake has been shown to reduce systemic inflammation markers in humans while also suppressing LPS activation of NF-kB in human monocytes (71) . The antioxidant defense boosting and anti-inflammatory properties of flavonoids show great potential for improving HDL function and cardiovascular health. However, much of the evidence comes from in vitro studies, which may not reflect in vivo scenarios, because cell studies do not account for bioavailability or biotransformation. Dietary flavonoid intake has been reported to be protective against CVD in a number of cross-sectional and prospective cohort studies (72) (73) (74) (75) . A recent meta-analysis examined the association between specific classes of flavonoid intake and CVD in prospective cohort studies (76) (76). Prospective cohort studies are useful for studying the effects of specific dietary components on long-term disease risk. However, because of the large size of cohorts, they can suffer from measurement error because of inaccuracy of dietary intake estimation, which may cause attenuation toward the null value (77) . Furthermore, other differences in lifestyle patterns in low compared with high flavonoid consumers may confound analyses, such that it is difficult to discern whether associations with flavonoid intake are not merely reflecting other healthful diet or lifestyle patterns that prevent disease. Nevertheless, meta-analyses of cohort studies are useful because they can provide a weighted summary of available evidence in regard to dietary flavonoid intake and risk of CVD.
Current Status of Knowledge: Effects of Specific Flavonoids on HDL Metabolism and Function
The protective associations of dietary flavonoid intake with respect to CVD have been ascribed to their bioactivity as antioxidants and anti-inflammatory compounds. These properties may increase HDL cholesterol or RCT, or provide protection against HDL dysfunction in the context of inflammatory disease states, such as atherosclerosis or obesity.
Anthocyanidins Anthocyanins (Greek "Anthos," meaning "flower," and "kyanos," meaning "blue") are pigments found in plant structures such as leaves, seedlings, petals, and fruits. Anthocyanins are glycosides that consist of an anthocyanidin (aglycone) attached to sugar moieties. Cyanidin, peonidin, pelargonidin, malvidin, delphinidin, and petunidin are the 6 major anthocyanidins that are commonly found in fruits and vegetables (78) . Anthocyanins are highly concentrated in many berries, including black elderberry (1316 mg/100 g), black chokeberry (878 mg/100 g), and black currant (595 mg/100 g) (79) . Estimated daily intake of anthocyanins in the United States is roughly 3.1 mg/d (67) . Many preclinical and clinical studies have been conducted to evaluate the bioactivity of this flavonoid subclass on HDL metabolism.
Anthocyanins and their metabolites have been shown to prevent atherosclerosis in animal models, at least in part through anti-inflammatory properties and the stimulation of RCT. Cyanidin-3-glucoside (C3G) and a gut microbiota-derived metabolite, protocatechuic acid (PCA), have been demonstrated to positively affect HDL RCT in mice (80) . In vitro, C3G and PCA appear to promote cholesterol efflux and HDL formation via the activation of liver X receptor (LXR) and/or the regulation of lipid transporters, including ABCA1 and ABCG1 (80) (81) (82) . Cyanidin may act as an LXRa agonist without effects on hepatocyte TG accumulation (82) , which may be due to additional activity as a PPARa ligand (83) . C3G at high concentrations (50 mM) increased cholesterol efflux from the renal (HK-2) (84) and endothelial cells (81) in vitro. In both models, these effects were associated with an increase in LXRa expression, protein, or activation. Macrophage studies have shown similar results. Mouse peritoneal macrophages treated with C3G and peonidin-3-glucoside (1-100 mM) demonstrated a dose-dependent increase in cholesterol efflux to apoA-I, which was attributed to an induction of the PPARgLXRa-ABCA1 pathway (85) . Although the aforementioned cell studies showed positive effects of anthocyanins, extrapolation of these findings to in vivo situations is limited, because these studies used very high concentrations (>50 mM) that are likely not achievable through diet. However, at much lower concentrations (up to 1 mM), the anthocyanin metabolite, PCA, was also shown to increase macrophage cholesterol efflux to apoA-I (80). Wang et al. (80) reported that C3G administration by oral gavage (50 mg $ kg 21 body weight $ d
21
) to apoE 2/2 mice for 4 wk strongly increased serum HDL cholesterol and apoA-I concentrations and reduced atherosclerosis. Antiatherosclerotic effects were also reported with PCA (5 mg/kg body weight), a C3G metabolite, which notably did not influence HDL cholesterol or apoA-I, but improved in vivo RCT (80) . In addition, gut microbiota appear to be important for such effects, because oral administration of broad-spectrum antibiotics abolished the atheroprotective effects of C3G, but not that of PCA (80) . Wang et al. (80) further described how PCA improves cellular cholesterol efflux by suppressing the expression of microRNA 10b. This suppression in microRNA 10b leads to a subsequent increase in ABCA1/ABCG1 protein expression to regulate RCT and improve atherosclerosis. Anthocyanins also appear to influence other aspects of HDL function, such as PON1 activity. Supplementation of an anthocyanin-rich black elderberry extract (200 mg anthocyanins/kg body weight) for 6 wk was shown to increase hepatic LCAT mRNA, PON1 mRNA, and serum PON1 activity in apoE 2/2 mice (86). This effect of black elderberry on increasing serum PON1 activity has also been observed in longer studies in apoE 2/2 mice (24 wk) (C Millar and C Blesso, unpublished results, 2016). In addition, supplementation with black chokeberry extract for 4 wk increased plasma PON1 activity toward organophosphates in apoE 2/2 mice fed a diet high in saturated fat and cholesterol (15% total fat, 9% saturated fat, and 0.2% cholesterol by weight) (87) . Black chokeberry contains considerable amounts of phenolic acids and proanthocyanidins, which may have also contributed to this effect (87) .
A number of placebo-controlled trials reported that adults with dyslipidemia experience significant increases in serum HDL cholesterol of ;10-20% after supplementation with a purified mixture of anthocyanins from bilberry and black currant (320 mg/d) (88) (89) (90) (91) . Not only did Zhu et al. (88) report an increase in HDL cholesterol (+11%) with anthocyanin supplementation, they also reported other benefits on HDL functionality in hypercholesterolemic adults. Anthocyanin supplementation increased HDL PON1 activity (+22%), HDL antioxidant capacity (+21%) via inhibition of dihydrorhodamine oxidation, and HDL cholesterol efflux capacity (+20%), whereas HDL lipid hydroperoxides were reduced (224%) (88). Qin et al. (91) also reported a moderate decrease in serum CETP mass (210%) and activity (26%), and increased serum cholesterol efflux capacity (+20%) with anthocyanin supplementation (320 mg/d), which may explain the increases in HDL cholesterol (+14%) observed. Other populations have been studied as well. After 24 wk of purified anthocyanin supplementation (320 mg/d), middle-aged adults with type 2 diabetes mellitus had an increase in serum HDL cholesterol (+19%), although it did not alter plasma apoA-I (92). Although these studies used relatively high doses compared with the mean reported US intake of 3.1 mg/d (67), selectively consuming foods rich in anthocyanins could result in comparable intake amounts (e.g., 1 cup or 125 g blueberries contains ;190 mg anthocyanins) (93) . Nevertheless, supplemental forms of anthocyanins are commercially available and could also be consumed to achieve higher intake amounts. A higher dose of purified anthocyanins (640 mg/d) over a shorter duration (4 wk) resulted in a similar increase in serum HDL cholesterol in men with hypertension (94) . Overall, there is strong evidence in preclinical and clinical studies to suggest that the anthocyanidin subclass of flavonoids improves HDL function and RCT.
Flavanols
The flavanol, or flavan-3-ol, subclass is mainly composed of epicatechin and catechin compounds. This group, which is found in cocoa, wine, grape juice, and teas, has been closely studied for its relation with heart disease (95). Flavanols, with an estimated intake in the United States of ;157 mg/d, supply >80% of all dietary flavonoids in this population (67) .
A major contributor of flavanols to the US diet is tea (67), with green tea being a rich source of epigallocatechin and epigallocatechin gallate (93) . Green tea administration in tap water (2% wt:vol) for 6 wk was shown to increase serum PON1 activity and reduce apoB lipoprotein oxidation in diabetic rats, despite significantly reducing serum HDL cholesterol (96) . In apoE 2/2 mice, feeding green tea polyphenolenriched extra virgin olive oil for 2 mo resulted in a greater cholesterol efflux from peritoneal macrophages ex vivo than did feeding extra virgin olive oil (97) . In end-stage renal disease
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patients, a single oral dose of a green tea extract (455 mg total catechins) significantly attenuated the reduction in serum PON1 activity and increases in oxidative stress and inflammation markers that are observed with a hemodialysis session (98) .
Another rich source of flavanols in the human diet is cocoa (67) . A human study in healthy and mildly hypercholesterolemic adults reported that supplementation with cocoa powder (133 mg flavanols/d) for 12 wk increased plasma HDL cholesterol (+24%) and reduced the susceptibility of LDL to oxidation compared with control (99) . However, a crossover study in healthy and moderately hypercholesterolemic adults (200-240 mg/dL serum cholesterol) reported that ingestion of a soluble cocoa product in milk (45 mg flavanols/d) for 4 wk did not significantly alter serum HDL cholesterol and proinflammatory markers compared with plain milk (100). Furthermore, plasma HDL cholesterol in postmenopausal diabetic women supplemented with flavonoid-enriched chocolate (850 mg/d of flavanols) was not significantly altered, although the total cholesterol to HDL cholesterol ratio and HOMA-IR were decreased (25% and 212%, respectively) (101). Although several studies suggest benefits of flavanols from green tea and cocoa on HDL cholesterol and PON1 activity, some report no change. Thus, more clinical research is warranted.
Flavanones
The identification of specific flavanones has grown dramatically over the past 20 y, from a handful of compounds to >400 naturally occurring isolates (102) . Interestingly, flavanones are precursor molecules to the other flavonoids (102) .
Of all the subclasses, flavanones are the second largest contributor of flavonoids in US diets at ;14.4 mg of daily intake/d (67) . The major flavanones, naringenin and hesperetin, are commonly found in tomatoes and citrus fruits, and are at their highest concentrations in the peels (102) .
Flavanones such as naringenin and hesperetin have been reported to beneficially alter lipid metabolism and reduce atherosclerosis in animal models (103) . Both of these flavanones have been reported to increase HDL cholesterol concentrations in some (104, 105) but not all (106, 107) animal studies. However, little research has been done to evaluate the effect of dietary flavanones on HDL function. In hypercholesterolemic hamsters, a 12-wk supplementation with hesperetin (0.02% of diet by weight) was actually shown to decrease plasma PON1 paraoxonase activity, although one of its metabolites, ferulic acid, significantly increased PON1 activity (106) . In hyperuricemic rats, daily gavage with orange juice (5 mL/kg) or hesperetin (5 mg/kg) for 2 wk increased both serum paraoxonase and arylesterase activities of PON1, whereas only orange juice increased HDL cholesterol (107) . Hesperetin (5-15 mM) increased cellular cholesterol efflux from THP-1 macrophages to apoA-I (108). Data suggested that this increase in HDL formation was related to an induction in ABCA1 expression, possibly downstream to enhanced LXRa and PPARg activities (108) .
In clinical studies, there has been little investigation of flavanones on HDL function beyond HDL cholesterol. Consuming 750 mL orange juice for 4 wk (35 mg/d of hesperidin), but not at a lower intake, significantly increased plasma HDL cholesterol by 21% without affecting apoA-I concentrations in hypercholesterolemic adults (109) . Supplementation with bergamot polyphenol extract (rich in flavanones) (;135-270 mg flavanones/d) for 30 d was reported to increase plasma HDL cholesterol (+20-40% from baseline) relative to placebo in several dyslipidemic patient populations (110) . However, other long-term human studies that used higher doses of flavanones (400-800 mg/d) did not show similar increases in HDL cholesterol in hyperlipidemic populations (111, 112) . Similar to flavanols, the benefits of flavanones on the metabolism and function of HDL requires further investigation.
Flavones
Flavones are found at lower concentrations in fruits and vegetables than are other flavonoids (113). The few compounds that are commonly found in foods include luteolin and apigenin (114) , with daily intake of flavones averaging ;1.6 mg/d in the United States (67) . The foods richest in flavones include celery, parsley, and thyme (113) . Luteolin at high concentrations (10-50 mM) was reported to inhibit the activation of LXRa/b by the agonist T0901317, and the expression of its target gene, ABCA1, in macrophages (115) . Despite this apparent inhibitory effect on LXR activation observed in vitro, luteolin supplementation has been shown to increase HDL cholesterol in both ovariectomized mice (50 mg/kg daily for 12 wk) (116) and streptozotocin-induced type 1 diabetic rats (200 mg/kg for 8 wk) (117) . Chrysin and wogonin are 2 flavones that have also been studied in macrophage cell lines. The addition of chrysin (10 mM) to RAW264.7 macrophages increased cellular cholesterol efflux to HDL, but not apoA-I (118). Furthermore, chrysin treatment of macrophages induced PPARg transcriptional activity and increased the expression of PPARg, LXR, ABCA1, and ABCG1 transcripts (118) . Wogonin (40 mM) treatment increased cholesterol efflux from J774 macrophages by increasing ABCA1 protein stability (119) . Because the high concentrations of flavones used in cell studies may be difficult to achieve by diet, it will be important to determine whether the effects on RCT shown in cell models are translatable in animal models and humans.
Flavonols
Major flavonol compounds include quercetin and kaempferol (113) . Onions, broccoli, apples, green tea, and black grapes are all possible sources of such flavonols (120) . Daily intake of flavonols in the United States is estimated to be ;13 mg/d (67). 
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Most research on flavonols related to HDL function is focused on PON1 activity and cellular cholesterol efflux. Increased hepatic PON1 gene expression was seen in apoE3 transgenic (121) and C57BL/6 mice (122) fed a quercetinenriched diet (0.2% wt:wt) for 6 wk. Quercetin supplementation in liquid ethanol-containing diets has been shown to increase hepatic PON1 expression and serum paraoxonase activity in both Ldlr 2/2 mice (12.5-25 mg/dL) (123) and Wistar rats (10 mg/L diet) (124) . However, a human study showed no dose-dependent effect of quercetin ingestion (50, 100, and 150 mg/d) for 2 wk on plasma PON1 paraoxonase or arylesterase activities in healthy adults (122) , possibly because of the short duration of the study or use of lower doses. In the previously described mouse studies, the dosages of quercetin used would be the equivalent of consuming >500 mg/d for a 70 kg person (125) . Therefore, longer studies at increased dosages in humans should be conducted.
Mechanistic studies with quercetin demonstrate the activation of the PON1 gene promoter in hepatocytes and the induction of ABCA1 expression in macrophages. Huh7 human hepatoma cells incubated with quercetin (20-25 mM) showed increases in PON1 gene promoter activity, possibly via nuclear sterol regulatory element binding protein 2 (SREBP2) transactivation, resulting in inductions in cellular PON1 mRNA, protein, and activity (122, 126) . The methylated metabolite of quercetin, isorhamnetin, was shown to have an even stronger effect on PON1 promoter activation in hepatoma cells (122) . Quercetin also reportedly affects cholesterol efflux from cells and HDL formation. In THP-1 macrophages, quercetin (0.3 mM) effectively increased cellular cholesterol efflux to apoA-I and mature HDL, possibly related to the induction of ABCA1 expression caused by increased PPARg and LXRa protein concentrations (127) . A higher concentration of quercetin (20 mM) was also found to be effective, both by itself and synergistically with the endogenous antioxidant glutathione, in stimulating cholesterol efflux to apoA-I and HDL from J774 macrophages (128) . These effects in J774 cells were related to a stimulation of the PPARa-ABCA1 pathway, but did not appear to involve the protein kinase A or Janus kinase 2 pathways (128). Furthermore, in RAW264.7 macrophages, quercetin (40-200 mM) increased cholesterol efflux to apoA-I in a dose-dependent manner via an increase in ABCA1 expression, which relied on activation of the p38 pathway and subsequent binding of Sp1 and LXR transcription factors to the promoter region of ABCA1 (129) . However, these high concentrations may not be physiologically achievable, because the reported peak plasma concentrations with quercetin supplementation are well below this, at ;3 mM in mice (0.2% of diet as quercetin) and 0.4 mM in humans (150 mg quercetin/d) (122) . Kaempferol (2.5-10 mg/mL), another flavonol, dose-dependently increased cholesterol efflux from THP-1 macrophages by regulating ABCA1, ABCG1, CD36, and SR-BI expression (130) . Although positive effects of flavonols have been observed in preclinical studies, it is important to point out that, in humans, much of the bioactivity will depend on the absorption and metabolism of these compounds. Thus, more clinical studies are warranted to determine the bioactivity and biotransformation of flavonols toward HDL function in humans.
Isoflavones
Isoflavones are distinct in their chemical structure, because they resemble the hormone estrogen and display affinity toward the estrogen receptor (ER) (131) . Therefore, they can exhibit weak estrogenic effects. Genistein and daidzein are the major dietary isoflavones and are commonly found in soy products, such as tofu or soy milk (114) . Adults in the United States consume on average ;1.2 mg isoflavones/d (67) .
The effects of isoflavones on HDL-PON1 activity have been evaluated in several animal studies. Estrogen has been shown to enhance PON1 activity via the ER in vitro, but without altering PON1 mRNA levels or protein concentrations (132) . Daily oral administration of genistein (10 mg/kg body weight) for 8 wk did not alter HDL cholesterol or serum paraoxonase activity in ovariectomized SpragueDawley rats (133) . In contrast, in female Sprague-Dawley rats with collagen-induced arthritis, daily oral administration of genistein (20 mg/kg body weight) or daidzein (20 mg/kg body weight) for 50 d significantly improved serum PON1 paraoxonase and arylesterase activities, but did not alter HDL cholesterol (134) . When evaluating a mixture of soy isoflavones (21 mg genistein, 47 mg daidzein, and 34 mg glycitin/kg diet) fed for 8 wk under both normal and methionine choline-deficient diet conditions, rats experienced increases in plasma HDL cholesterol, PON1 paraoxonase, and arylesterase activities (135) .
In clinical studies, the intake of soy protein containing isoflavones has been associated with a modest increase in plasma HDL cholesterol (136, 137) . This effect appears to be due to the replacement of animal proteins with soy protein, and not specifically due to the isoflavone content (136, 138) . However, certain subgroups may observe improvements in HDL cholesterol (+13%) with isoflavone supplementation, as was shown in postmenopausal women with a particular ERb polymorphism (139) . In postmenopausal women, consuming a mixture of isoflavones (66 mg glycitin/d, 41 mg daidzein/d, or 7 mg genistein/d) for 12 wk did not increase serum efflux capacity from rat Fu5AH hepatoma cells (primarily SR-BI-mediated) (140) or cAMP-stimulated J774 macrophages (primarily ABCA1-mediated) (141), although serum pre-b HDL concentrations did increase by 18% in the latter study (141) . Based on animal studies, it appears that isoflavones may beneficially alter HDL PON1 activity in conditions of elevated oxidative stress and inflammation. In clinical studies, longterm isoflavone intake does not appear to alter the cholesterol efflux capacity of HDL from SR-BI-or ABCA1-dependent pathways. More research is necessary in humans to confirm the increases in HDL PON1 activity with isoflavone intake seen in animal studies.
Conclusions
A summary of the reported effects of dietary flavonoids on RCT, HDL metabolism, and HDL function is shown in Figure 1 . Given the recent paradigm shift toward the therapeutic targeting of HDL function rather than HDL cholesterol, it will be necessary to consider the effects of foods and nutrients on HDL function in order to determine the optimal diet for reducing the risk of heart disease. Flavonoids are major contributors to overall dietary polyphenol intake in the human diet. Based on preclinical studies that used cell culture and rodent models, it appears that dietary flavonoids influence multiple HDL functions beyond simple HDL cholesterol content, such as cholesterol efflux and antioxidant capacities (Table 1) . However, the doses and concentrations of flavonoids used in preclinical studies may be difficult to acquire from diet alone in humans. Therefore, it may be necessary to consume flavonoids as nutraceuticals to achieve doses that show benefits, yet more clinical trials are warranted to test the efficacy of supplemental forms of flavonoids. Cell studies examining the effects of flavonoids on HDL metabolism often use very high concentrations, which may not be physiologically relevant. Furthermore, in vitro studies do not account for the bioavailability and biotransformation of these compounds. Thus, the benefits seen in cell models may not translate in vivo. In clinical studies, dietary anthocyanin intake is associated with beneficial changes in serum biomarkers related to HDL function ( Table  2) . However, more clinical research is warranted to examine HDL functionality in response to the intake of other flavonoids. Although there have been remarkable efforts to develop HDL-targeted drug therapies, research on how dietary components affect HDL function is still in its early stages.
